Antarctica and Greenland are two major Earth's continental ice shelves which play an important role in influencing Earth's energy balance through their high albedo. The ice sheets comprise of grounded ice or the continental glaciers and their associated ice shelves. Surface velocity is an important parameter that needs to be monitored to understand the glacier dynamics. Marine terminating glaciers have higher velocity than land terminating glaciers. Therefore, ice shelves are generally observed to have higher velocity as compared to continental glaciers. The focus of this study is Amery ice shelf (AIS) which is the third largest ice shelf located in east Antarctica terminating into the Prydz Bay on the eastern Antarctica. The surface ice-flow velocity of AIS is very high compared to its surrounding glaciers which flows at a rate of 1400 ma-1 and drains about 8% of the Antarctic ice sheet. AIS is fed by different glaciers and ice streams at the head, as well as from the western and eastern side of the ice shelf before it terminates into the ocean. The primary objective of this study was to compute velocity of the eastern tributary glaciers of AIS using SAR from Sentinel-1 data. The secondary objective was to compare the winter and summer velocities of the glaciers for 2017-2018. The offset tracking method has been applied to the ground range detected (GRD) product obtained from Sentinel-1 satellite. This method is suitable for regions with higher glacier velocity where interferometry is generally affected by the loss of coherence. The offset tracking method works by tracking the features on the basis of another feature and calculates the offset between the two features in the images. Two tributary glaciers near the Clemence massif and another glacier near the Pickering Nunatak feed into this ice shelf from the eastern glacial basin region that drains ice from the American Highland, east Antarctica. The glaciers near the Clemence massif showed low annual velocity which ranged from 100 ma-1at the head to ~300 ma-1 near the end of the glacier, where it merges with AIS. The glaciers flowing near the Pickering Nunatak exhibited moderate velocity ranging from 150 ma-1 at its head and reaching up to 450 ma-1 near the tongue. The summer velocity (March 2018) was observed to be higher than the velocity in winter (July 2017) and the difference between the summer and the winter velocities was found to be between 50 ma-1 and 130 ma-1. The results for the velocity were obtained at 120 m resolution and were compared with the previous MEaSUREs (Making Earth System Data Records for Use in Research Environments) yearly velocity at 450 m and 1 km resolution provided by National Snow and Ice Data Center portal. The results were evaluated using statistical measure-bias and the accuracy was derived using the root mean square error. The bias did not exceed 20 ma-1for the three glaciers and the accuracy was observed to be more than 85% for most of the regions. The accuracy of the results suggests that the offset tracking technique is useful for future velocity estimation in the regions of high glacier velocity.
INTRODUCTION
The ice and snow in the Polar Regions play a crucial role in Earth's radiation budget as the cryosphere reflects about 90% of the incoming solar radiation (Jawak and Luis, 2014) . The continental shelves of Antarctica and Greenland are almost completely covered by ice (Jawak et al., 2018) . In the southern hemisphere Antarctica hosts larger ice mass and in the northern hemisphere Greenland contains relatively less ice mass, both of which could contribute to sea level rise of 66 m, if completely melted. Most of the cryospheric regions are situated in severe weather conditions and accessibility to these regions is limited due to their rough terrain, harsh weather conditions, sometimes all year round and high logistic cost. The inaccessibility due to various factors make remote sensing the best and most affordable * Corresponding author. technique that could be used for monitoring different dynamics of the glaciers in these regions (Jeong et al., 2017; Jawak et al., 2017; Pandit et al., 2017; Jawak et al., 2018) . The availability of satellite remote sensing technology and its progress in recent decades has enhanced our capability to monitor these regions at regular time intervals over a long period of time (Jawak and Luis, 2014) .
The mass balance of glaciers is pivotal to understanding the accumulation of ice and its subsequent drain into the sea due to ablation (Lugli and Vittuari, 2017) . Various factors that cause glacier ablation are surface melt, surface melt water runoff, sublimation, avalanching and windblown snow. The velocity of the outlet glaciers partially determines the mass balance of the glacier body (Joughin et al., 2004) . The ice shelves and the glacier ice tongues which terminate into the sea drain most of the ice from the Antarctic ice sheet (Fricker et al., 2002) . Using Synthetic Aperture Radar (SAR) and offset tracking technique, accurate glacier surface velocity for fast flowing glaciers can be estimated. This technique is also effective for scenarios involving where large temporal differences in data acquisition (Lugli and Vittuari, 2017) .
STUDY AREA AND DATA
The Antarctic ice sheet comprises of the eastern and the western ice sheets divided by the Transantarctic Mountains. The study was focused on two of the glaciers in the East tributary glacial basin of the Amery Ice Shelf (AIS), East Antarctic (Figure 1) . AIS is the third largest ice shelf covering around 16% of the East Antarctic ice sheet (King et al., 2007) which drains around 8% of the total ice mass of the Antarctic ice sheet. It is one of the fast flowing glaciers of Antarctica. It is fed by many tributary glaciers with two major glaciers, each from the east and west, as well as three glaciers from the head of the ice shelf.
These two glaciers join prior to the mid-section of the ice shelf and are the major contributors to the ice shelf from the eastern side. One glacier joins the ice shelf near the Clemence Massif and the other joins the ice shelf near the Pickering Nunatak. Both of the glaciers drain the ice from the American Highland to join the ice shelf and act as the major contributors to the ice shelf from the eastern side of the shelf.
The Antarctic summer lasts for 6 months from October to March and the winter from April to September. Optical data acquisition is not possible during the winter season due to darkness. Hence, for the comparison of winter and summer and winter velocities, microwave satellite data is necessary, as it is independent of clouds and lights. The velocity of the eastern tributary glaciers of the AIS was estimated using Sentinel-1 (Sentinal-1a and Sentinel-1b) microwave synthetic aperture radar (SAR) Ground Range Detected (GRD) product released by European Space Agency's (ESA) Copernicus programme. The single satellite provides a temporal resolution of 12 days whereas combining the twin satellites of the Sentinel-1, the temporal resolution decreases to 6 days allowing a regular assessment of the surface velocity of AIS without confronting any temporal decorrelation due to the faster movement of the surface ice.
Season
Acquisition 1 Table 1 . Acquisition details of Sentinel-1 data used in the study Table 1 provides information on the data that was used for the surface velocity estimation of the eastern tributary glaciers as well as for the comparison of the seasonal (winter and summer) velocity. The data was acquired in the Interferometric Wide swath (IW) mode which has a resolution of 20 m in the range direction and 22 m in the azimuth direction. The pixel spacing of the IW mode for the GRD product is 10 m in both range and azimuth direction. Figure 2 shows the extent of the two data frames used for the study area.
Along with the Sentinel-1 data, the Digital Elevation Model (DEM) generated from Radarsat Antarctic Mapping Project (RAMP) was used in the study. Of the different resolutions of the DEM generated from the RAMP project we used the highest resolution of 200m. The availability of other higher resolution DEM in the area is limited due to its geographical location which is less frequently covered by other satellites. 
METHODOLOGY
The methodology for the whole study was divided into two parts which comprises of image processing for velocity estimation and accuracy assessment.
Image Processing and Results
On account of the high surface flow velocity of the AIS and its tributary glaciers, the estimation of velocity considering unwrapped phase SAR using interferometric techniques is less reliable due to the lack of coherence needed for precise calculations, and due to unavailability of ground control points for phase calibration in areas that are enveloped by ice (Lugli and Vittuari, 2017) . The interferometric technique measures the movement along the line of sight efficiently (Tong et al., 2018; Joughin et al., 2010) , which acts as a limitation in most of the regions of the AIS as the ice shelf flows along the azimuthal direction.
Offset tracking as an alternative technique to interferometric SAR was introduced to overcome the limitations of rapid and incoherent flow (Strozzi et al., 2002) . Co-registration offset tracking is less accurate than interferometry but provides displacement measurements in the azimuth as well as in the range (line of sight) direction (Lugli and Vittuari, 2017; Strozzi et al., 2002) .
The offset tracking method incorporates various steps for final velocity estimation (Figure 3) . The first and the most important step for deriving velocity starts from the selection of suitable image pairs i.e., pre-and post-event images. The image selection is then followed by application of precise orbital data to the image acquired for precise and accurate location and displacement observation. After applying the orbital data to the acquired images, the master and the slave image (pre-event and post-event respectively) is co-registered into a single stack with the help of DEM. The RAMP DEM is used for the co-registration of the two images. Co-registration is a necessary step as it ensures the ground targets from a stationary scene contributes to the same (range, azimuth) pixel in both master and slave images. The DEM helps to co-register on the basis of the geometry. The co-registration is then followed by offset tracking that estimates the movement of glacier surfaces between master and slave images in both slant-range and azimuthal direction. The Ground Control Points (GCP) are selected automatically through the process and cross-correlation is performed on selected GCPs in master and slave images. The offset tracking produces a displacement map combining the azimuthal and range displacement. The displacement map obtained as a raster image is further used to produce the output velocity map that shows the velocity of the glacier between the two time periods of the image acquisition.
Accuracy Assessment
The accuracy assessment was performed using two methods. The reference for the accuracy assessment was taken from the previously derived velocity map of the Antarctic ice sheet acquired from the National Snow and Ice Data Centre (NSIDC) portal. The NSIDC portal has yearly averaged velocity products of complete Antarctica obtained from study conducted by Mouginot et al. (2017) . The accuracy of the obtained results was measured on the basis of biasness from the previous results as well as by calculation of the root mean square error (RMSE) of the result. 
RESULTS AND DISCUSSION
The velocity was obtained for the eastern tributary glaciers of the AIS for both summer and winter seasons (Figure 4) . The results obtained using the offset tracking method agreed well with the previously derived measurements. The maximum velocity during summer near the Clemence Massif was observed to be 242 m/a, whereas in winter the maximum velocity was observed to be 230 m/a. Near the Pickering Nunatak, the maximum velocity observed during the summer season was 560 m/a, whereas during the winter season, the maximum velocity was observed to be around 540 m/a. (Figure 4 ). The velocity near the Clemence Massif in winter as well as summer did not exhibit much difference except that during the summer the velocity was higher near the mouth of the glacier where its meets the ice shelf ( Figure 5 ).
Image -1
The velocity of the glaciers near the Clemence Massif increased as it moved towards the ice shelf. The glacier joins the ice shelf at an inclined angle along the flow direction which also adds up to the velocity of the glacier near its mouth. Since the AIS exhibited a very high velocity as compared to its eastern tributary glacier, and the glacier near the Pickering Nunatak meets the ice shelf almost perpendicular to its motion of flow, the velocity near the mouth of the glacier was observed to be low in summer ( Figure 6 ).
The velocity near the Pickering Nunatak during the summer and the winter was higher at the mouth of the glacier, but decreased where it connects with the ice shelf. (Figure 6 ) The summer velocity was observed to be slightly lower than the winter velocity near the terminal region of the glacier. The accuracy of the obtained velocity using offset tracking method was between 80% and 90%. The bias of the result was not more than 14 m/a. during the winter season and within 27 m/a during the summer season. The RMSE of the results was also not more than 30 m/a in the regions with moderate flow velocity of about 200 to 500 m/a. (Table 2 ). The velocities derived in this study is compared with previously derived and published results of Mouginot et al., 2012 . The derived velocity were comparable to the previous studies and the accuracy of the results were upto 90%. 
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CONCLUSION
The offset tracking method is useful to find the surface velocity of the glaciers having moderate to high flow velocity. The temporal decorrelation is less observed in offset tracking method as compared to interferometry. SAR datasets is an assert to estimate surface velocity throughout the year as the year round measurements using optical remote sensing data is not possible due to complete darkness during winter. The difference between seasonal velocities was not very large, as most of Antarctica is covered by ice throughout the year. The velocity at the mouth of the glacier near the Clemence Massif increased as it flows along the flow direction of the glacier in the AIS. The velocity near the Pickering Nunatak decreased at its mouth due to increase in across motion of glacier flow with the AIS. The accuracy obtained using the offset tracking method matched well with previously derived velocity of the AIS that comprised various methods and different data sets. The annual velocities of the previous studies were the most stable data available to validate the results.
